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ABSTRACT

Author: He, Zitao. MSME
Institution: Purdue University
Degree Received: May 2018
Title: A Thermally-Actuated Micro Shutter Array Device for Mask-less Lithography
Major Professor: Liang Pan
Photolithography is a fundamental and important step in semiconductor manufacturing. It transfers
the pattern (the structure of device to be fabricated) from photomask to silicon wafer. However,
the traditional mask is un-flexible and costly. Here, an innovative cost-effective thermally-actuated
dynamic mask is proposed which has flexibility of switching pattern arbitrarily by dividing the
pattern into pixels. In this work, we demonstrated that a micro-shutter array device has the ability
to operate as a dynamic mask for optical mask-less lithography. This device utilizes thermal
expansion of bi-material cantilever for actuation. It has the ability to switch on and off to enable
exposing light to pass through or to be reflected away respectively, thus creating patterns on
substrate. The thermal-mechanical characteristics of bi-material cantilever are discussed. The
micro-shutter structure is designed, simulated and optimized. The actual device is fabricated by
use of normal semiconductor fabrication processes in clean room. The stationary thermal/optical
performance and the dynamical performance of device are experimentally measured. The results
demonstrate feasibility of applying our designed micro-shutter array device into mask-less
lithography as a dynamic pattern generator.

1
1.

INTRODUCTION

Overview of Lithography
Semiconductor industry scale has been increasing rapidly for decades. Global semiconductor
sales reach $339 billion in 2016 (WSTS: World Semiconductor Trade Statistics organization).
Huge demand for high-performance chips is foreseeable in the near future while driverless car,
wearable devices and Internet of Things are boosting in markets.

Semiconductor device fabrication is a complicated process in which lithography process directly
determine the geometric dimension of computation unit on a micro-processor, in result determine
the performance of the chip. Developments for lithography technology in recent years, laid solid
foundation for further manufacturing promotion. State-of-art lithography tools are pushing
semiconductor industry to a more advanced level.

Efforts from industry and academia have been put on chasing Moore’s law in order to double the
transistor density on integrated circuits approximately every two years. Figure 1.1 shows the
trend of Moore’s law along with the product upgrading of CPUs in terms of calculation ability.
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Figure 1-1. Growth of calculation ability followed by Moore’s law. (Source: Ray Kurzweil).
In high volume manufacturing (HVM), the most widely used lithographic technology is optical
projection lithography due to its balance between device miniaturization and cost control[1].
Figure 1.2 shows the basics of projection lithography system. Exposing light goes through optics
and photomask, carrying the pattern from the mask, then condensed and projected on photoresistcoated substrate.
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Figure 1-2. Schematic of projection lithography system[1].

Currently, immersion lithography with exposure wavelength of 193 nm ArF laser with multiple
patterning strategy is prevailing in HVM. Lithography equipment manufacturer ASML is making
effort in the next generation lithographic tool: extreme ultraviolet lithography (EUVL). The goal
for various lithographic technologies is to achieve higher throughput, better resolution, lower cost
and simplicity of system configuration[2].

Lithography plays an important role in semiconductor manufacturing. However, there are three
critical issues that conventional photomasks are suffering: high cost, inflexibility and UVincompatibility[3]. In a highly demanding lithography process, an ideal photomask must be
perfectly uniform and clean without defects and contamination. Thus, the cost for mask reaches to
as much as 1 million dollars for a mask-set. The cost could go up to a more enormous level when
it comes to EUV lithography due to the complexity of multi-layer reflective mask and difficulty to
repair detects when pellicle is unavailable because of its vulnerability to EUV. Secondly, the
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pattern on photomask is permanent, preventing the flexible pattern generation. This is more
disadvantageous for small-scale manufacturing and R&D scenarios due to fast design iterations.
What’s more, absorption of deeper UV light on photomasks reduces optical efficiency of
lithography process. Mask-less lithography is an alternative technology to eliminate the
disadvantage of high cost of masks and even offer flexibility for configurable pattern generation,
but UV-incompatibility should be overcame.

Principles of Non-optical Mask-less Lithography (NOML)
Other than using optical source to interact with photoresist for lithography purposes of which
resolution is limited by the diffraction nature of light, non-optical lithography has ability of
going beyond theoretical diffraction limit by using different forms of radiation such as electron
beam, ion beam, and proton beam. Non-optical mask-less lithography also eliminates the
necessity of mask because of its either single beam scanning capability (electron beam
lithography, dip-pen lithography) or periodic distribution of electro-magnetic field (plasmonic
lithography).
1.2.1

Electron Beam Lithography (EBL)

Electron beam lithography (EBL) utilizes either raster or vector scanning of electron beams on
substrate where electron-sensitive resist be coated. Scanning beams traces out the desired pattern
on substrate. EBL was first realized by Tom Newman[4] to successfully write a page of a novel
on resist. Later on, investigations were conducted on optimizing electron source, magnetic lenses
and resist characterization. EBL is well known for its high resolution down to 10nm[5]. Sub10nm resolution can be realized by applying ultrasonic agitation in PMMA develop process[6],
[7]. However, low throughput being at least one order of magnitude slower than optical
lithography, imposes limits on its application in mainstream high-volume manufacturing (HVM).
EBL is suitable for chrome-on-glass mask writer due to its precise critical size control. Figure
1.3 shows a schematic diagram of EBL system. One of advantages of EBL is compatibility to a
variety of resist materials (PMMA, HSQ, organic resist)[8]–[10]. Even though 10 wafers per
hours has been reported for multiple electron beam lithography with a parallel scanning
configuration, it still faces the issue of Coulomb repulsion between each sub-electron beams,
making the system redundant to optimize beam spacing and current magnitude. What’s more,
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EBL can only be applied on very thin resist due to electron beam scattering when electrons go
deeper through resist.

Figure 1-3. Illustration of (a) Electron beam lithography (EBL) system. (b) Multiple electron
beams lithography system (MAPPER) (source: Mapper Lithography).
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1.2.2

Focused Ion Beam Lithography (FIBL)

A technic similar to electron beam lithography is focused ion beam lithography(FIBL). Figure
1.4 shows the schematic of a simplified FIB system. As well-developed tool for micro and
nanomachining technology[11], ion beams can be used as radiation source (typically 30 keV) in
lithography system[12]. It offers better sub-100 nm resolution than electron beam lithography
because its heavier particles gives smaller equivalent De Broglie wavelength and thus diffraction
limit becomes a less serious issue. Advantages of FIBL include: (a) the ion beam travels along
straight path without range broadening and proximity effect which are typical in electron beam
lithography and limiting resolution of it. (b) The penetration depth of FIB can be well-controlled
by modifying the ion energy which makes it proper for making complex structures. (c) FIBL is
capable of reacting with variety of surface materials[13]. Disadvantages of FIBL include
possible damage on sample from bombardment of ion beam, ion contamination and low
throughput. Besides electron beams and ion beams, investigators are putting effort into finding
other energy sources such as proton beams[14].

Figure 1-4. (a) A schematic diagram of a simplified FIB system. Typically, A liquid metal source
(LMIS) generates ion beam and the ion beam (usually gallium) are focused down and scanned
onto the substrate[15]. (b) A SEM image of well-defined lines fabricated by a helium ion beam
lithography system on 10nm-thick negative resist[16].
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Principles of Optical Mask-less Lithography (OML)
Conventional optical lithography can be considered as an energy transferring process which
consists of three parts: energy source (light source); energy modulator: (a set of masks); energy
receiver (photoresist)[17]. Photomask is crucial since it is the media to transfer energy between
energy source and energy receiver. It also provides exposure light with information to carry
(pattern) and transfer information onto receiver (photoresist).

There are two major categories of optical mask-less lithography (OML): Spatial Light Modulator
(SLM)-based optical mask-less lithography and direct-writing optical mask-less lithography. In
SLM-based optical mask-less lithography, incident energy is not transmitted through photomask.
Instead, photomask is replaced by spatial light modulators which transfer energy and information
with high flexibility and at low cost. Spatial light modulators are consisted of a huge number of
pixels, usually as tiny mirrors, shutters, or ribbons. Each pixel can be controlled individually to
spatially impose modulation on light in terms of amplitude and phase. By illuminating collimated
light onto spatial light modulator, it output modified light as exposure light for lithography
purpose. Based on the working mechanism for light modulation, Spatial light modulator can be
categorized into three types: reflection type, diffraction type and transmission type[18]. Spatial
light modulators can be grouped by the headings shown in Figure 1.5 (One type of OML is
SLM-based OML)

Figure 1-5. Classification of typical spatial light modulators for mask-less lithography. In this
work, micro-shutter array (MSA) is proposed.
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In direct-writing OML (also known as direct laser writing), a dynamic mask is no longer needed.
Information was transferred directly from preset pattern generated in computer to scanning of
laser source or substrate stage. This method can be used to fabricate three-dimensional owing to
configurable positioning of laser focal spot.
1.3.1

DMD-based Optical Mask-less Lithography

A widely-used SLM is digital micro-mirror devices (DMDs) developed by Texas
Instruments(TI)[19]. DMD is a common device serving as the key part in the projection
system[20]. Figure 1.6 shows the schematic diagram of a DMD chip. It has several thousands of
individually-controllable micro-mirrors. The mirrors can be tilted to ±12° (±17° for specific
product such as DLP3010) based on the “ON” or “OFF” state of each mirror. In the “ON” state,
for example, a mirror tilts to +12° to reflect the radiation from light source into the optics (a set
of lenses) making the pixel on the display screen to be bright. In the “OFF” state, a mirror tilts to
-12° to reflect the light to elsewhere (such as light absorber), leaving nothing on the
corresponding pixel on the display screen. By controlling the tilt movement of each mirror
individually, an arbitrary pattern can be obtained and projected on substrate (photoresist) for
lithography. DMD-based OML has been investigated extensively in recent years[21]–[28]. Such
a tool can be applied to fabricate various micro-structures, such as MEMS[29], optical
elements[30][31], biomimetic[32], micro-batteries[33].

However, incident light onto DMD is limited by its wavelength and energy density. Although the
most-recent DMD products can operates optical source within spectrum of UVA (363nm to
420nm), it is still difficult to further decrease exposing light wavelength because the lubrication
material underneath the mirror is vulnerable to UV light. Degradation of lubrication molecules
will dramatically decrease lifetime of DMD when applied in UV scenarios.
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Figure 1-6. (a) DMD chip developed by Texas Instruments (TI). (b) Schematic diagram of two
single mirrors on DMD (Source: Texas Instruments).

1.3.2

Grating Light Valve (GLV)-based Optical Mask-less Lithography

Grating Light Valve(GLV) developed by Silicon Light Machines Corp, is a micro-electromechanical system(MEMS) device for light phase shifting[34][35]. GLV can be used as SLM in
mask-less lithography[31], [36]–[40]. Each GLV pixel consists of six suspended rows of
reflective ribbons. Two ends of ribbons are fixed on the substrate as shown in Figure 1.5 (b).
Ribbons can be stayed still or pulled down electrostatically one-quarter of wavelength of incident
light alternatively. By changing the motion configuration of six ribbons, pixel can be switched
between being a reflective mirror, or a square-well diffractive grating.

In the reflective mirror state, incident light is reflected away to form a dark state (OFF-state). In
the diffractive grating state, incident light is diffracted of 1st order to a specific angle determined
by the light wavelength and moving distance of active ribbons, which forms bright state (ON
state)[40]. The reflection and diffraction configuration can be arbitrarily obtained by utilizing
precise control of voltage on each active ribbon in a pixel.
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Figure 1-7. (a) Grating light valve mounted on board. (b) Pixel of grating light valve with six
alternatively active ribbons. (c) GLV utilizes reflection and diffraction to form dark state and
bright state respectively (Source: Silicon Light Machines).
Dario Gil, et al[41] investigated the implementation of GLV in mask-less lithography. The
system operates lithography at an exposed wavelength of 400nm with high numerical aperture
(NA = 0.95). Figure 1.7 shows the schematic of GLV device. Obtained feature size is reported to
be 360nm as shown in Figure 1.8. However, the throughput is very low, exposing 0.75 cm2/h.
Since GLV is a one-dimensional spatial light modulator, in order to pattern substrate arbitrarily,
the scanning mechanism of exposing light will be cumbersome which increases complexity and
cost of the system.
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Figure 1-8. (a) Implementation of GLV in mask-less lithography with zone-plate array. (b) SEM
images of exposed patterns using GLV-based mask-less lithography system: L-shape patterns
and lines with different spacing[41].

1.3.3

Liquid Crystal Display (LCD)-based Optical Mask-less Lithography

As dominant display technology, liquid crystal display cell is a candidate to a virtual mask[27],
[30], [42]–[48]. LCD panels in newly-available projectors have pixels pitch as low as 8um[27],
which is comparable to DMD pixel size at 10um. Each pixel on LCD panel can be controlled to
be opaque or transparent to incoming light by applying electrical field on electrode to change the
polarization status of polarizing filters, thus formed arbitrary patterns. By changing the voltage
over the liquid crystal element can even offer LCD gray tone flexibility by modifying optical
intensity of passing light. Figure 1.9 shows the basics of LCD unit and its application in optical
mask-less lithography[27].
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However, it is hard for LCD panel to be operated with wavelength out of visible light spectrum.
Incident light with wavelength less than 350nm will cause damage to the indium tin oxide
electrodes on LCD panel[43]. On the other hand, the absorption of liquid crystal to light is
another issue which negatively affects the optical efficiency of the lithography process. The
transmittance of the LCD is reported to be 34%[45].

Figure 1-9. Schematic of LCD panel. (b) Schematic diagram of LCD-based mask-less
lithography system[27].

1.3.4

Laser Direct Writing (LDW)-based Optical Mask-less Lithography

Laser direct writing mask-less lithography removes the necessity of spatial light modulators. It
transfers energy and information through the scanning of the light (or stage). A typical
technology is two-photon lithography which requires high energy or ultrafast laser to excite twophoton (multi-photon) effect in photoresist. It takes the advantage of two-photon effect that the
material absorb energy with a quadratic scheme to the energy density, making laser focus shaper
compared to conventional one-photon absorption. Feature size can be even finer by applying
polymerization and photo-inhibition strategy[49], [50][51]. Figure 1.10 shows the schematic of
LDW. Such a lithographic tool allows three-dimensional operation on material other than SLM-
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based lithography tool of which only layer by layer structure can be fabricated. Complex 3D
structures can be fabricated on various surfaces through LDW[52]–[56]. However, lack of
material with ideal mechanical and optical properties limit competence of LDW. What’s more,
this tool has scanning speed with tenth to hundredth of micrometer per second which is relatively
slow.

Figure 1-10. Comparison of (a) E-beam lithography. (b) Single-beam laser direct writing
lithography. (c) Two-beam laser direct writing lithography[57].

Principles of Focal Array Plane (FPA)
Generally, commercially available bi-material cantilever is used as probe of AFM scanning
microscopy system as shown in Figure 1.11. A Focal Plane Array (FPA) is a sensor matrix,
consisting thousands of units (pixels) to detect infra-red(IR) light or terahertz signals[58], [59][60]
at the focal plane of an optical system. It converts an optical image into electrical signal in mated
complementary metal-oxide-semiconductor (CMOS) read-out integrated circuit system. FPA is
prevalent

in thermal

camera[61],

security

inspection

system[62],

and

astronomical

instruments[63]. Conventional electrical read-out FPA must be positioned in a vacuum
environment to reduce noise signal, making it intricate. Uncooled optical read-out FPA has an
inherent advantage over electrical read-out systems owing to the fabrication simplicity and
correlation break between temperature and noise. The unit of the uncooled FPA is a set of
connected cantilevers made up of two layers of material with varying thermal expansion
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coefficient (TEC). Incident IR radiation is absorbed by cantilever and generates heats. Produced
heat triggers the temperature increase of cantilever and thus bending behavior of bi-material
cantilever due to difference between thermal expansion coefficients for two materials. Then FPA
modulates the probing light emitted from a read-out system and send it back to read-out sensor
(usually CCD camera). By processing the optical information in read-out system, original IR
radiation information will be restored. Figure 1.12 shows the schematic diagram of a FPA optical
read-out system[64].

Figure 1-11. SEM image of a V-shape bi-material cantilever developed by Bruker (source:
MLCT).
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Figure 1-12. Schematic diagram of the optical readout imaging system using the knife-edge
filter[64].

Scope of Thesis
In this work, the ideas of FPA are applied in an optical mask-less lithography system, serving as
a thermally-actuated spatial light modulator. Aforementioned SLM-based OML systems are
suffering from further reducing exposing light wavelength because of undesirable optical
efficiency and potential damage on electrical circuit or lubrication materials. For FPA, each unit
(pixel) can hold an “ON “or “OFF” state to let incident light pass through or be blocked
respectively by configuring excitation light. There is no material standing on the optical path of
exposure light when the pixel is “ON” and the exposure light will be totally blocked when the
pixel is “OFF”. Optical efficiency can be significantly increased and shorter wavelength
exposure light can be realized for micro-shutter array (MSA)-based optical mask-less
lithography.
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2.

DESIGN OF THERMALLY-ACTUATED MICRO-SHUTTER ARRAY

In this chapter, the actuation mechanism of micro-shutter array will be discussed. The deflection
angle magnification strategy is investigated in order to give highest deflection angle on the bimaterial structures. Heat transfer model is proposed and studied. Linear and non-linear
mechanical model are applied to anticipate the mechanical response of our devices.

Actuation Mechanism of Micro-Shutter Array Device
Other than spatial light modulators such as DMD, GLV and LCD which are electrically-actuated,
thermally-actuated FPA utilizes the small deformation of bi-material cantilever for temperature
sensing[65]–[67],terahertz sensing[68], [69], and infrared imaging[70]–[72]. In this work large
deformation of bi-material cantilever structures can be obtained for optical mask-less
lithography. The basic idea for application of thermally micro-shutter array device (MSA) in
optical mask-less lithography is shown in Figure 2.1. Exposure light can be modulated by either
flat cantilever or deflected cantilever by switching the shutter pixel between “ON” and “OFF”
states to generate patterns. The states of pixels are controlled by excitation laser. The angle of
incident excitation laser should be optimized to reach guarantee maximum energy absorption.

Figure 2-1. Basics of micro-shutter application in mask-less lithography. (Left). In "OFF" state,
UV exposure light is blocked by flat micro-shutter. (Right). In “ON” state, the micro-shutter is
opened and UV can pass through for exposing purpose underneath cantilever.
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The application of micro-shutter array device in low-volume-manufacturing (LVM) optical
mask-less lithography system setup is shown in Figure 2.2. Other potential applications include
wafer inspection and varifocal lens. Blue beam represents excitation laser and purple beam
represents exposure laser. Exposure laser will be sent out from source and focused by a microlens array on to the micro-shutter array. To avoid unwanted cross-talk interaction between
exposure laser and micro-shutter array. The power of exposure shouldn’t be too large. For typical
exposure dose (100 mJ/cm2) and exposure time (10 ms), if the writing spot size can be focused
down to hundreds of nanometers, the exposure laser power wouldn’t be comparable to excitation
laser.

Figure 2-2. Imaginary optical mask-less lithography system used micro-shutter array device as
dynamic pattern generator. 405nm laser is modulated by a DMD as excitation laser to actuate the
micro-shutter array device. 266nm laser is modulated by actuated micro-shutter array device as
exposure light onto substrate.
In order to obtain the maximum deflection (fully opened micro-shutter) for passing exposure UV
light through, thermal and mechanical mechanism of the micro-shutter must be addressed. The
material candidacy and structure parameters should be investigated to properly design the device.
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Mechanical Modeling for Micro-Shutter Array Design
The pixel on MSA is actuated by bending of multi-folded bi-material micro-beams excited by
optical-thermal effect of incident laser. The basic is illustrated in Figure 2.3. Heating up a bimaterial cantilever will cause the beam to bend.

Figure 2-3. Schematic diagram of bending of bi-material cantilever when actuated by laser.
As illustrated in Figure 2.4, temperature change 𝛿𝛿𝛿𝛿 induced by the excitation laser absorption

causes the bi-material cantilever to bend down. For single bi-material cantilever, a simplified
model for calculating the deflection of its free end 𝛿𝛿𝛿𝛿 is given as[65],

Where,

𝛿𝛿𝛿𝛿 = 3(𝛼𝛼1 − 𝛼𝛼2 ) ∙
𝑛𝑛 =

𝑡𝑡1
,
𝑡𝑡2

𝑛𝑛(𝑛𝑛 + 1) 𝐿𝐿2
∙ ∙ Δ𝑇𝑇
𝑡𝑡1
𝐾𝐾
𝜙𝜙 =

𝐸𝐸1
𝐸𝐸2

𝐾𝐾 = 4 + 6𝑛𝑛 + 4𝑛𝑛2 + 𝜙𝜙𝑛𝑛3 +

1
𝜙𝜙𝜙𝜙

(2 − 1)
(2 − 2)
(2 − 3)

19
Here, 𝛼𝛼1 and 𝛼𝛼2 are the coefficients of thermal expansion (CTE) for two materials. The

subscripts 1 and 2 denote the layer of which the material has high and low CTE respectively. The
variable 𝐿𝐿 is the length of the cantilever. 𝑡𝑡1 and 𝑡𝑡2 are the thickness of the two layers. 𝑛𝑛 is the
ratio of thickness of layer 1 and layer 2. 𝐾𝐾 is the ratio of Young’s module of material 1 and
material 2.

It is obvious from Eq. (2-1)-Eq. (2-3) that the deflection of the free end can be enhanced by
choosing the materials with large CTE difference, optimizing the thickness ratio of two layers
based on the ratio of Young’s module, extending the length of the cantilever, reducing the total
thickness of the cantilever.

Figure 2-4. Schematic diagram of single beam bending: Original position and bended position
after heated. Deflection at free end is 𝛿𝛿𝛿𝛿.
A combination of metal and silicon nitride are considered as ideal materials for bi-material
micro-beam actuators. It has been investigated thoroughly[73], [74]. Selected properties of
typical metals used in semiconductor manufacturing processes and silicon nitride are listed in
Table 2-1.
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Table 2-1. Selected material properties for bi-material cantilever.
Material
Material

Density 𝝆𝝆
(kg·m-3)

Young’s

Coefficient of thermal

Thermal

Heat

Module 𝑬𝑬
(G·Pa)

expansion 𝜶𝜶

conductivity 𝒌𝒌

capacity 𝒄𝒄

(10-6K-1)

(W m-1K-1)

(J kg-1K-1)

Si

2320

160

2.6

34

678

SiNx

3100

250

2.3

3

700

Ti

4506

115.7

8.60

21.9

522

Au

19300

70

14.2

317

129

Cr

7150

279

4.90

93.7

448

Al

2700

70.0

23.1

237

904

Titanium-silicon nitride combination is studied in this work due to its fabrication availability and
simplicity, as well as its ideal material properties. Simulation in COMSOL Multi-physics is
conducted to find the optimum thickness of metal material. The thickness of silicon nitride is set
to be 100 nm and thickness of different metal layers (Aluminum, Gold, Titanium, and
Chromium) is swept from 20nm to 200nm. The result is shown in Figure 2.5. It is found that the
optimum thickness ratio of titanium over silicon nitride is 0.672. In this work, a pre-coated
double-sided silicon nitride wafer is used so the deposition thickness of titanium should be
67.2nm.
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Figure 2-5. Coating thickness optimization for typical metals used in semiconductor
manufacturing processes (The thickness of Silicon Nitride is 100nm). Optimum thickness for
aluminum, gold, titanium, chromium are 0.812, 0.763, 0.672, and 0.487 respectively.
The tip deflection of the single cantilever under the optimum thickness ratio in Figure 2.5 is 7.48
um. Such a small deflection is not enough to switch the pixel from “OFF” to ON which requires
a deflection angle at least several tenth of degrees. Here the angle accumulation strategy is used
as shown in Figure 2.6.
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Figure 2-6. Angle accumulation strategy.
In this angle magnification strategy, the cantilever sets are alternatively coated with metal layer.
When thermal deflection occurs, the first coated beam deformed by angle of 𝛿𝛿𝜃𝜃1 , the second

uncoated beam inherits the angle of the first bended beam. The third coated beam proceed to
bend with angle of 𝛿𝛿𝜃𝜃2 on basis of the first and second beams. Similar to the last pair of beams

with deflection angle of 𝛿𝛿𝜃𝜃3 . In result, the final deflection angle of beam sets has been increased
to

𝛿𝛿𝜃𝜃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝛿𝛿𝜃𝜃1 + 𝛿𝛿𝜃𝜃2 + 𝛿𝛿𝜃𝜃3
The schematic diagram of angle amplification based on alternatively-coated bi-material
cantilevers is shown in Figure 2.7.

(2 − 4)
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Figure 2-7. Schematic diagram of a set of cantilevers to increase deflection angle. (a) Original
state. (b) Bended state when heated up due to angle amplification strategy.
Generally, the deflection 𝑧𝑧(𝑥𝑥) at location 𝑥𝑥 of a metal-silicon nitride bi-material cantilever due to
mismatch of thermal expansion is given by the following equation, derived from Euler-Bernoulli
beam theory[75], [65]:
(𝑡𝑡1 + 𝑡𝑡2 )
𝑑𝑑 2 𝑧𝑧
)
[𝑇𝑇(𝑥𝑥) − 𝑇𝑇0 ]
=
6(𝛼𝛼
−
𝛼𝛼
1
2
𝑑𝑑 2 𝑥𝑥
𝑡𝑡22 𝐾𝐾

(2 − 5)

It is obvious that the tip deflection of cantilever 𝑧𝑧(𝑥𝑥) can be calculated by solving Equation (25). The deflection angle at location 𝑥𝑥 can be determined by:
𝜃𝜃(𝑥𝑥) = 𝑡𝑡𝑡𝑡𝑡𝑡−1 �

(𝑡𝑡1 + 𝑡𝑡2 ) 𝑥𝑥
𝑑𝑑𝑑𝑑
� = 𝑡𝑡𝑡𝑡𝑡𝑡−1 �6(𝛼𝛼1 − 𝛼𝛼2 )
� [𝑇𝑇(𝑥𝑥) − 𝑇𝑇0 ]𝑑𝑑𝑑𝑑 �
𝑑𝑑𝑑𝑑
𝑡𝑡22 𝐾𝐾
0

(2 − 6)

In order to calculate the tip deflection 𝑧𝑧(𝑥𝑥) at position 𝑥𝑥 = 𝐿𝐿, or the tip deflection angle 𝜃𝜃(𝑥𝑥) at

position 𝑥𝑥 = 𝐿𝐿. The temperature distribution 𝑇𝑇(𝑥𝑥) along 𝑥𝑥 must be known which will be
discussed in next section.
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Heat Transfer Modeling for Micro-Shutter Array Design
A quick method to calculate the temperature distribution is thermal resistance method. In this
case, Biot number, 𝐵𝐵𝐵𝐵 = ℎ𝛿𝛿/𝑘𝑘 can be used to simplify the model, where ℎ is the natural

convection coefficient on structure surface, 𝛿𝛿 is the characteristic length, which is cantilever

thickness here, 𝑘𝑘 is the body conductivity of the cantilever. When 𝐵𝐵𝐵𝐵 = ℎ𝛿𝛿/𝑘𝑘 < 0.1, which
happens in this case due to small characteristic length, the temperature distribution along
cantilever cross sections can be neglected, while only the temperature distribution along
cantilever length is analyzed.

Figure 2-8. Schematic of heat transfer modeling domain.
Figure 2.8 shows the domain for heat transfer analysis. Here, the conductive thermal resistance
of uncoated beam, denoted as beam 1 can be written as

𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,1 =

𝐿𝐿
𝑘𝑘2 𝑤𝑤𝑡𝑡2

(2 − 7)
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similarly, the conductive thermal resistance of uncoated connection beam, denoted as beam 2
and coated beam, denoted as beam 3 can be written as

𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,3 =

𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,2 =

𝑔𝑔
𝑘𝑘2 𝑤𝑤𝑡𝑡2

𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑅𝑅𝑆𝑆𝑆𝑆3 𝑁𝑁4
𝐿𝐿
=
𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 +𝑅𝑅𝑆𝑆𝑆𝑆3 𝑁𝑁4 𝑤𝑤(𝑘𝑘1 𝑡𝑡1 + 𝑘𝑘2 𝑡𝑡2 )

(2 − 8)
(2 − 9)

Where 𝐿𝐿 is the length of the cantilever, 𝑔𝑔 is the width of the gap between two adjacent

cantilevers, 𝑤𝑤 is the width of cantilever, 𝑘𝑘 is the thermal conductivity of cantilever material, 𝑡𝑡 is

the thickness of the cantilever. The subscripts 1 and 2 correspond to metal and silicon nitride
respectively.

Considering two ends of beam sets, total thermal resistance due to heat conduction along the
beams can be written as
𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 4𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,2 + 2𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,1 + 2𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,3

(2 − 10)

Substitute 𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,1 ,𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,2 𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,3 into Equation (2-10):
𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =

4𝑔𝑔 + 2𝐿𝐿
2𝐿𝐿
+
𝑘𝑘2 𝑤𝑤𝑡𝑡2
𝑤𝑤(𝑘𝑘1 𝑡𝑡1 + 𝑘𝑘2 𝑡𝑡2 )

(2 − 11)

From Equation (2-11), it can be seen that the thermal conductivity of metal layer 𝑘𝑘2 contribute
more to the final calculated conduction of the cantilever[76].

Here several assumptions are made in order to calculate temperature distribution on the structure:
1. Convection is neglected by putting the device in a vacuum environment.
2.

Heat loss from radiation only happens on absorption plate because much lower
temperature distribution on cantilevers contribute trivially to total thermal radiation.

3. The temperature on absorption plate is considered completely uniform in space due to
small thermal resistance.

26
Writing energy conservation equation,
𝑄𝑄𝑖𝑖𝑖𝑖 = 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜

(2 − 12)

Input energy comes from the energy absorbed by coated absorption plate which can be written as
𝑄𝑄𝑖𝑖𝑖𝑖 = 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝜇𝜇𝜇𝜇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

(2 − 13)

where 𝜇𝜇 is absorptance of the coated plate to incident laser at given wavelength. Absorptance

spectrum of typical metal materials used in semiconductor manufacturing processes at optimum
thickness based on Figure 2.5 are plotted in Figure 2.9.

Figure 2-9. Absorption spectrum for typical metals used in semiconductor manufacturing
processes.
Output energy comes from the energy conducted to the substrate and radiation energy to the
environment which can be written as
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𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟 =

𝑇𝑇 − 𝑇𝑇0
+ 𝜀𝜀𝜀𝜀𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑇𝑇 4 − 𝑇𝑇04 )
𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(2 − 14)

Where 𝑇𝑇 is the temperature of absorption plate, 𝜀𝜀 is the emissivity of the material, 𝜎𝜎 is Stefan–
Boltzmann constant with value of 5.67037×10-8 W⋅m−2⋅K−4, 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the surface area of

absorption plate.

Substitute Equation (2-11), (2-13), (2-14) into Equation (2-12),

𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝜇𝜇𝜇𝜇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =

𝑇𝑇 − 𝑇𝑇0

4𝑔𝑔 + 2𝐿𝐿
2𝐿𝐿
+
𝑘𝑘2 𝑤𝑤𝑡𝑡2
𝑤𝑤(𝑘𝑘1 𝑡𝑡1 + 𝑘𝑘2 𝑡𝑡2 )

+ 𝜀𝜀𝜀𝜀𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑇𝑇 4 − 𝑇𝑇04 )

(2 − 15)

When the system is in equilibrium, the temperature on pixel no longer varies. By solving
Equation (2-15), the temperature on absorption plate can be determined.
Afterwards, temperature distribution on each beam can be easily calculated using thermal
resistance method which can be written as,

q 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

ΔT

𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

∆𝑇𝑇𝑛𝑛 = 𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑛𝑛 𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(2 − 16)
(2 − 17)

Where 𝑛𝑛 is the number index of the calculated beams. Once the temperature distribution is

known, the total deflection and bending angle can be determined by substituting temperature
distribution 𝑇𝑇(𝑥𝑥) into Equation (2-5) and (2-6).
It is worthy to note that the reason to operate the micro-shutter array device in vacuum
environment include: (a) The convection energy loss could be eliminated and (b) There is no
damping from air drag force on cantilevers so dynamic performance of our device could be
better. A medium vacuum is needed in which the pressure is as low as 10 Pa.
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Simulation and Results

COMSOL Multi-physics simulation is conducted to verify the mathematical model of thermalmechanical properties of cantilever described in Section 2.3. Here a simple geometry is used
with two uncoated isolation legs and two coated deflection legs as shown in Figure 2.10.

Figure 2-10. The structure used for bi-material thermal expansion simulation.
The laser beam is deposited on the absorption plate as heating source. The applied power density
is 0.15 W/cm2. Part of the energy will be absorbed by the plate. From Figure 2.9, the absorption
energy at 405 nm is 60% which means that 60% of deposited power will be actually absorbed by
the structure to actuate the bi-material cantilevers. Considering the reference temperature is room
temperature (273.15K), the highest temperature rise happens on absorption plate which reaches a
value of 163K as shown in Figure 2.11. Using the same thermal conditions and material
properties, the predicted value of temperature rise calculated from Equation (2-15) is 169K. The
results were in good agreement. It is worthy to note that the numerical model used here is a
linear model due to its small deflection. Non-linear large deflection model will be simulated for
more complicated bi-material micro-shutter.
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Figure 2-11. The temperature distribution field of each beam in the simulation when the structure
was deposited of laser beam with power density of 0.15 W/cm2. The highest temperature rise
happens on absorption plate (see plate edge) which reaches a value of 163K.
Figure 2.12 shows the deflection field of each beam in the pixel. The final deflection angle of
plate is 21 degrees, not enough for the pixel to thermally switch from “OFF” state to “ON” state
which requires 90 degrees of deflection of the plate. A new structure design is needed to enlarge
the deflection angle and non-linear model will be used.
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Figure 2-12. The deflection field of each beam in the simulation when the structure was
deposited of laser beam with power density of 0.15 W/cm2. The final deflection angle of plate is
21 degrees.
From Equation (2-5), given thermal condition, the deflection is quadratic to the length of the
cantilever. Considering the highest temperature locates at absorption plate. In order to increase
the overall deflection angle, the longest cantilever should be placed close as possible to the
absorption plate.

Another point is that within the given fill area, optimize the combination of length and the
number of cantilevers is important. From Equation (2-5) and (2-6),
𝑧𝑧(𝑥𝑥) ∝ 𝑥𝑥 2

𝜃𝜃(𝑥𝑥) ∝ 𝑡𝑡𝑡𝑡𝑡𝑡−1 (𝑥𝑥)

(2 − 18)
(2 − 19)

The length of cantilever can be decreased, sacrificing the number of cantilevers and vice versa.

Various designs are designed to compare the thermal and mechanical performance of each one.
Figure 2.13 shows the geometric structure of each design. Note that the coating on absorption
plate is not presented here.
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Figure 2-13. Various designs for the thermally-actuated micro-shutter pixel. (a) and (b) are
simplest designs. (c) Design changes connection point from end to center. (d) Design utilizes two
shutters to open and close. (e) - (h) Design change the number and length of zigzag cantilevers.
(i) Design puts four shutters into one single pixel.
Simulations were done on each structure in COMSOL Multiphysics. A 405nm laser beam with
power of 0.25W/cm2 is deposited on micro-shutter (as absorber). The deflection of each structure
is obtained in post-processor tool in COMOL Multiphysics. Results are arranged into a
performance matrix regarding fill factor and effective area factor. Fill factor and effective area
factor are defined as,
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =

𝑆𝑆𝐸𝐸
𝑆𝑆𝑆𝑆

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =

𝑆𝑆𝑆𝑆
𝑆𝑆𝑃𝑃

(2 − 20)
(2 − 21)

Where 𝑆𝑆𝐸𝐸 , 𝑆𝑆𝑆𝑆 , 𝑆𝑆𝑃𝑃 are effective area, shutter area and pixel are respectively (as shown in Figure

2.14). Fill factor evaluates area utilization efficiency for micro-shutter on array device. Effective
area factor evaluates the shutter opening efficiency under the same external thermal excitation.
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Figure 2-14. (a) Definitions of pixel area, shutter area, and effective area. (b) Performance matrix
of different structure designs in discussed Figure 2.13. Effective area factor and fill factor are
defined. The best performance happens on design (e) with 31% fill factor and 98% effective area
efficiency.
After a series of simulation test, model (e) stands out as good candidate of the thermally-actuated
micro shutter due to its 31% fill factor and 98% effective area factor. More detailed simulation
results are shown from Figure 2.15 to Figure 2.18. Figure 2.15 defines the geometric dimension
of structure (e). Figure 2.16 shows the temperature rise distribution of structure design (e).
Figure 2.17 shows the actuation of micro-shutter. Figure 2.18 shows the rise time and fall time of
design.
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Figure 2-15. The geometric of model (e).

Figure 2-16. Temperature rise distribution on micro-shutter unit when 405nm laser with power of
0.25W/cm2 is deposited on shutter area. The highest temperature rise happens on absorption
plate which is 166 °C. The reference temperature is chosen to be room temperature at 25 °C.
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Figure 2-17. The deflection field of the micro-shutter (a) overview (b) top view (c) side view.
The effective area factor is determined as 98% which is large enough for shutter switching.

Figure 2-18. Response time for micro-shutter unit. 90% rise time is determined as 18ms. 90%
fall time is determined as 37ms.
Based on COMSOL Multiphysics simulation results. A 405nm laser beam with power of
0.25W/cm2 causes highest temperature rise at 166 °C. The effective area factor is 98%. 90% rise
time is 18s and 90% fall time is 37s. These results demonstrate that the designed micro-shutter
structure is capable of serving as dynamic mask generator in DUV mask-less lithography system.
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3.

FABRICATION PROCESS

In this chapter, fabrication process is discussed. The fabrication procedure is compatible with
normal semiconductor microfabrication procedure which is operated in dust-free clean room.
Typical semiconductor device fabrication includes steps such as optical lithography, wet and
drying etching, oxidation and metal deposition. These steps are also used in fabrication of our
micro-shutter array device. This chapter includes four sections: silicon nitride patterning (nonmetal layer definition), titanium patterning (metal layer definition), backside window etching and
structure release (enable the bi-material micro-shutter structure to be suspended). The fabrication
process is conducted by Zhidong Du from Professor Pan Liang’s research group.

Silicon Nitride (Non-metal layer) Patterning
Silicon nitride is chosen as non-metal material due to its fabrication compatibility, low
coefficient of thermal expansion and high material strength. Non-metal is the base of bi-material
cantilever structure so that its quality determines the overall performance of the structure. A 4inch wafer with double-side coated low-stress silicon nitride with thickness of 100 nm is used in
this study. The substrate between two thin layers of silicon nitride is silicon with 500um
thickness. The wafer is divided into 13 areas. Each area is 2 cm by 2 cm big and has one specific
micro-shutter design on it (structure is discussed in previous chapter). After finishing fabrication,
the whole wafer is cut into 13 pieces. Figure 3.1 shows the wafer arrangement and CAD design
of the whole wafer. Figure 3.2 shows the schematic of fabrication of the silicon nitride layer.
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Figure 3-1. 4-inch size double-sided silicon nitride wafer design. (a) Wafer is divided into 13
areas (2 cm by 2cm) with 13 different micro-shutter designs on it. (b) CAD file snapshot for the
wafer.

Figure 3-2. Microfabrication procedure for silicon nitride (non-metal) layer.
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STEP 1 shows the structure of wafer to be processed. The double-sided silicon nitride wafer was
cleaned and prepared for photolithography. In STEP 2, Starting from spin-coating a thin layer of
photoresist (PR) on wafer, photolithography utilizes Mask #1 (Silicon nitride mask) to define the
pattern of base layer of micro-shutter (silicon nitride). Then, exposed photoresist was removed in
developing process and the pattern is remained on wafer in form of photoresist. Stayed
photoresist (masking material) forms a layer of protection for later etching process. In STEP 3,
reactive ion etching (RIE, dry etching) is used to etch unprotected silicon nitride away, and only
leave wanted silicon nitride part on top of silicon layer. Figure 3.3 shows the micrographs of
selected micro-shutter array after silicon nitride definition.

Reactive ion etching is a type of dry etching. It uses chemically reactive plasma to release highenergy ions to physically bombard material surface of substrate, in result etch the substrate. One
major advantage of reactive ion etching is that the process is highly anisotropic and can be
controlled to fabricate high aspect ratio structure with fine resolution.

Figure 3-3. Microscopic images for wafer after patterning silicon nitride layer. (a) Overview of
micro-shutter array after Si3N4 patterning. (b) Single micro-shutter after Si3N4 patterning.
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Titanium (Metal layer) Patterning
After patterning of silicon nitride material, a layer of metal will be deposited on top of silicon
nitride. Titanium is used in this study as metal material. Figure 3.4 shows the procedure of
titanium patterning. Similar as patterning silicon nitride layer, the wafer is first coated with a
layer of photoresist as shown in STEP 5. In STEP 6, photolithography is done to transfer predesigned pattern from Mask #2 (mask for titanium layer) onto the wafer. Exposed photoresist
was washed away in developing process and remained photoresist provide protection for next
metal deposition process. Based on the result of parameter optimization (Figure 2.5) in terms of
thickness ratio of metal and non-metal, titanium layer is deposited with thickness of 67 nm
(silicon nitride thickness is 100 nm and optimum metal & non-metal thickness ratio is 0.67).
After metal deposition, unused metal is lift off by removing remained photoresist by immersing
wafer into acetone. The final fabrication result is illustrated in STEP 7.

Figure 3-4. Microfabrication procedure for titanium (metal) layer. The thickness of titanium is
67nm.
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Figure 3-5. Microscopic images for wafer after patterning titanium layer.

Backside Window Etching and Structure Release
The final procedure for micro-shutter array fabrication is backside etching and structure release
to make the cantilever structure to be suspended in the air and enable the shutter to deflect under
thermal load as designed. Figure 3.6 shows the schematic of procedure for fabrication the
backside window of the wafer.
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Figure 3-6. Microfabrication procedure for wafer backside etching window (STEP 8 – STEP 9)
and silicon substrate etching (STEP 10 – STEP 11).
In STEP 8, the wafer is put into the reaction chamber. Plasma-enhanced chemical vapor
deposition (PECVD) utilizes plasma gases to deposit a layer of the silicon dioxide on the
backside of wafer. The thickness of silicon dioxide is 2um. Then, in STEP 9, Mask #3 is aligned
and photolithography is conducted as it did in fabrication of silicon nitride layer and titanium
layer, leaving a masking window for later etching. In STEP 10, reactive ion etching (RIE) is
applied to etch both un-masking silicon dioxide and silicon nitride away, forming a backside
etching window. In STEP 11, deep reactive ion etching (DRIE) is used to etch silicon substrate
away partially to decease the thickness of silicon layer (500 um) but not interact with the
cantilever structure. Deep reactive ion etching has even higher anisotropic characteristic for
creating deep penetration and steep sidewall in the material. DRIE is suitable for etching
substrate under the cantilever structure because steep and deep side wall is needed to enable
cantilever to be suspended. Figure 3.7 shows micrographs of micro-shutter array after DRIE.
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Figure 3.7. Micrograph of fabricated micro-shutter unit after DRIE.
At the end, the silicon was etched by potassium hydroxide (KOH) solution of 40% mass fraction
at temperature of 80 ℃. The etching rate is calculated as 75um/h. After 3h40min, the silicon
layer is fully etched. Due to vulnerability of the cantilever structure, the surface tension in water
will destroy the structures when the sample was pulled out from KOH solution. The surface
tension in acetone is smaller than in water. So, the potassium hydroxide solution is diluted by
purified water and slowly replaced by isopropyl alcohol (IPA) and further replaced by acetone.
The whole process is carefully operated to avoid unwanted damages to the structures. Figure 3.7
shows the chip when being processed at 1h and 3h 40min in KOH solution.
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Figure 3.8. Chip when being processed in KOH wet etching process. (a) At 1h, the silicon layer
is still thick enough and is opaque. (b) At 3h40min, the silicon layer starts to be fully etched.
Figure 3.9 shows the front side and back side of fabricated chip after KOH wet etching as well as
micrograph for micro-shutter array. The tiny shinny golden spots come from the reflected light
from cantilever structures. Due to surface tension in liquid, the micro-shutter is deformed at the
time being pulled out from acetone. Dry etching for silicon layer should be conducted in future
to obtain intact structures.

Figure 3-7. Micro-shutter array device after wet etching. (a) Front side of the device. (b)Backside
of the device. The white part has been fully etched while the dark part has been under etched. (c)
Micrograph of micro-shutter structure after KOH etching and release.
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4.

EXPERIMENTS AND MEASUREMENTS

This chapter discusses the methods, procedures and results for measuring stationary and dynamic
characterization of bi-material cantilever structures. The deformation of micro-shutter structure
is related to its mechanical and thermal properties, as well as the optical properties of incident
light. Understanding of the stationary and dynamic performance of the micro-shutter array can
help to improve the design of the structure for further applications. Section 4.1 gives the methods
and results of bi-material cantilever stationary thermal and optical effects. Experimental
measurements to system dynamics are discussed in Section 4.2

Stationary Characterization
In previous chapter, thermal effects of micro-shutter are analyzed and simulated. In this section,
the actual device was prepared and characterized to investigate optical-thermal effects. A
commercial AFM bi-material cantilever (Bruker MLCT-O10) is heated up by a focused 405nm
blue laser with power of 50mW. Figure 4.1 shows the micrograph of Bruker MLCT-O10
cantilevers. Table 2 shows the mechanical and geometric properties of AFM cantilevers. It has
six AFM cantilevers: five of them on one side and the other one on the other side. Figure 4.1
only shows five cantilevers (B, C, D, E, F).
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Figure 4-1. Commercial bi-material cantilevers used in this work for measurements (Bruker
MLCT-O10). Silicon nitride thickness is 515nm. Top gold coating thickness is 50nm. Resonance
frequency varied from 10 kHz for cantilever A to 160 kHz for cantilever F.

Table 4-1. Mechanical and geometric properties of MLCT-O10 AFM cantilever.

Firstly, the laser diode was focused on cantilever C (see Figure 4.1) for 5 seconds at room
temperature. Then the laser spot was removed and the cantilever was observed from a
customized microscope system. Figure 4.2 shows the micrograph of the cantilever at its original
state (without laser heating) and its bended state (with laser heating). From top view, the
cantilever at original state reflects incoming illumination white light to CCD camera. The
cantilever at bended state only partially reflects incoming illumination white light near the
position of its substrate. This demonstrates bending behavior of bi-material cantilever structure
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under thermal load. Note that the shadow of the cantilever doesn’t seem difference between two
states. It is because the heating source was removed thus bending angle is very small.

Figure 4-2. Micrograph of bi-material micro-shutter used for this study. (a) Original position of
micro-shutter without laser heating. (b) Deflected position of micro-shutter with 405nm laser
heating.
In order to study the absorptivity, transmissivity and reflectivity of the micro-shutter. An
experiment is conducted by measuring transmitted laser power and reflected laser power using
an optical power meter (Model: ThorLabs PM100D), as shown in Figure 4.3. In first step (Figure
4.3-(a)), power meter measures the total incoming light. In second step, laser beam transmitted
through the sample and the power meter measures the transmitted energy. In third step, power
meter measures the reflected beam from the sample surface. Absorptivity was then determined
by calculations from measurements of incoming laser power, transmitted laser power and
reflected laser power based on energy conservation law.
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Figure 4-3. Schematic of measurements of absorptivity, reflectivity and transmissivity. (a)
Measure the total incoming laser power using an optical power meter. (b) Measure transmitted
light power by letting incoming light pass through the micro-shutter array sample. (c) Measure
reflected light power.
Laser diode output power is swept from 0.5mW to 6.3mW by modulating the voltage input to the
diode. Figure 4.4 shows measurement result. In this figure, the slope of each fitting line
determines the transmissivity, reflectivity and absorptivity respectively. Transmissivity is
determined to be 52.0% of total incoming light. Reflectivity is determined to be 13.4 and
absorptivity is determined to be 34.7% of total incoming light. Note that because of existence of
the light leakage gap between cantilever structures and bulk silicon heat sink. The measured
absorptivity is smaller than results shown in Figure 2.9.
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Figure 4-4. Power of reflected and transmitted beams as a function of incident laser power. The
reflectivity and transmissivity are given by the slopes of the two curves as shown in this figure.
Dynamic Characterization
In this study, Bode plots are used to evaluate the system dynamics of the bi-material structures
which typically include amplitude and phase shift plots on frequency domain. Figure 4.5 shows
the experimental arrangement. The bi-material cantilever sample is mounted on a black gel pad
and positioned vertically to optical breadboard as shown in Figure 4.6. A 405nm laser diode is
used as excitation and probe light. When laser spot hits on cantilever tip, optical-thermal effects
will cause the cantilever to bend and reflect incoming light to an angle. The changed reflected
angle can be represented by the position change of laser spot. A convex lens is used to focus
probe beam (reflected beam) to a spot and the position change of the beam spot can be measured
by a position-sensitive sensor.
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Figure 4-5. Schematic of measurement of thermal effects of the micro-shutter array.

Figure 4-6. Bi-material cantilever is mounted on a black gel pad with fluorescence paper for
optical alignments.
More detailed experimental setup is shown in Figure 4.7. A visible white light lamp is used to
illuminate the sample. A CCD camera (Model: IMPERX MTV-63W1N) is used to monitor the
deflection of micro-shutters as well as optical alignment. The blue laser is modulated by a
function generator (Model: RIGOL DG4062) with sinusoidal driving voltage in the range of
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frequency from 10 Hz to 3 kHz. Figure 4.8 shows the overview of experimental setup. The beam
radius is measured to be 220um by knife edge method. Since the spot size is bigger than the
geometry size of the micro-shutter unit. The micro-shutter can be considered as uniformly
illuminated which coincides with simulation assumption mentioned in previous chapter. When
illuminated by focused blue laser, the thermal effect will increase the temperature of the microshutter, causing micro-shutter to deflect due to bi-material thermal expansion effect, and thus
reflect incoming laser away. Reflected blue laser is focused by a convex lens and collected by an
optical detection system where the movement of micro-shutter is measured. Neutral density
filters are used for reduce the power of reflected beam. A quadrant segmented position-sensitive
detector (PSD: Newport 2901) is applied in the optical detection system as shown in Figure
4.7(a) and Figure 4.9.

Figure 4-7. Optical path for dynamics measurements. (a) Sensing area of quadrant segmented
position-sensitive detector (Newport 2901). (b) Optical path for dynamics measurements. (c)
Cantilevers are mounted on a black gel pad with fluorescence paper for optical alignment. The
violet beam denotes 405 nm laser beam while the white beam denotes illumination light for CCD
camera.
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Figure 4-8. Experimental setup for system dynamics includes optical components and function
generator, oscilloscope and monitor.

Figure 4-9. A quadrant segmented position-sensitive detector used in this work (Newport 2901).
X, Y and OUTPUT are output ports for position sensing.
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Relationship between laser spot deflection and output voltage from the detector is given in
Equation (4-1).
𝛿𝛿(𝑋𝑋,𝑌𝑌) = 0.65 ∗

(𝑋𝑋, 𝑌𝑌)
∗ 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 radius
𝑆𝑆𝑆𝑆𝑆𝑆

(4 − 1)

Where 𝛿𝛿(𝑋𝑋,𝑌𝑌) is the position change of sensing laser spot on X-axis or Y-axis. X, and Y are the
DC output signal read from position-sensitive detector on X-axis and Y-axis direction

respectively. SUM is the DC output signal read from position-sensitive detector for position
normalization. Beam radius is measured by knife edge method. By measuring the output signal
of the position-sensitive detector, the amplitude of deflection of micro-shutter is determined.
Phase shift between input signal which is the signal from function generator and output signal
which is the signal read from position sensitive detector is measured by an oscilloscope (Model:
Tektronix TDS-744A). In measurements, frequency is swept from 100 Hz to 100 kHz. The
normalized amplitude of deflection on micro-shutter on frequency domain is shown in Figure
4.10 and Figure 4.11.

Figure 4-10. Normalized amplitude of deflection for micro-shutter unit on frequency domain
with sweeping range from 100 Hz to 100k Hz.
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Figure 4-11. Phased shift between input signal and output signal on micro-shutter unit on
frequency domain with sweeping range from 100 Hz to 100k Hz.
Starting from low frequency, the normalized amplitude of cantilever deflection is very small. As
modulation frequency increases, the normalized amplitude increases until to peak value where
the cantilever resonates. The resonance frequency is located around 60 kHz.

In phase shift plot, the phase shift between sensor signal and excitation signal is zero at low
frequency and start to shift phase when frequency goes higher. At 60 kHz frequency, opposite
phase shift happens which determines that the resonance frequency locates at around 60 kHz.
The measured resonance frequency of AFM bi-material cantilevers reasonably matches the
values provided in Bruker specifications. The measurements results demonstrate the accuracy
and reliability of our customized experimental system. Further measurements will be conducted
on fabricated micro-shutter array device.
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5.

CONCLUSIONS

A micro-shutter array device has been designed and simulated using bi-material thermal
expansion effects with open efficiency of 98% and high absorption to UV exposure light. The
results show application feasibility of bi-material micro-shutter array device as dynamic pattern
generator at low cost in UV-compatible mask-less lithography system. The actual device has
been partially fabricated but failed at final release stage due to ability limitation in clean room.
The experimental measurements were conducted on partially-fabricated micro-shutter array
device and dynamic measurements were done on commercial AFM bi-material cantilever
structures. The resonance frequency is determined to be at 60 kHz.
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